Figure 1. Ero1p Sequence, Secondary Structure, and Disulfide Connectivity
The crystallized fragment Ero1p-c, highlighted in black, is shown within the complete amino acid sequence of S. cerevisiae Ero1p. Below the sequence, cylinders represent ␣ helices and arrows ␤ sheets. Yellow balls above or below the sequence highlight cysteine residues, and dotted lines indicate disulfide bond connectivity. and the small, versatile thiol oxidase module present to produce a version called Ero1p-c (Figure 1) , which begins at F56, ends at L424, and contains all of the highly in Erv2p.
conserved regions of the Ero1p amino acid sequence.
We tested the activity of a nonalkylated version of Results and Discussion
Ero1p-c by monitoring consumption of oxygen in the presence of thiol reagents and the catalytic reduction Ero1p Expression, Activity Assays, and Crystallization of FAD. Oxygen consumption was measured using a Clark-type oxygen electrode after an addition of 12.5 Variants of the S. cerevisiae (Sc) Ero1p enzyme were expressed in the gor/trx-deficient E. coli strain Origami mM dithiothreitol (DTT) to an air-saturated solution at room temperature ‫052ف(‬ M O 2 ). In the absence of ex-B(DE3)pLysS (Novagen), which facilitates correct disulfide bond formation of cysteine-rich proteins in the baccess FAD in solution, oxygen consumption by Ero1p-c was slow (Figure 2A ), but the rate was increased subterial cytoplasm. To guide design of the expression plasmids, sequence conservation among Sc Ero1p and stantially by adding 100 M FAD, a phenomenon previously observed with the full-length enzyme purified orthologous enzymes was analyzed using the T-COF-FEE program (Notredame et . Consequently, we did not include this segment or the hy-DTT reduction of FAD in the presence and absence of Ero1p-c was compared by monitoring absorbance at drophobic N-terminal signal sequence in our protein expression constructs, which initially spanned the se-452 nm, a wavelength at which oxidized flavin (FAD) absorbs strongly but reduced flavin (FADH 2 ) does not quence from T19 to L424 (Figure 1 ). This construct contains 13 cysteine residues, so we alkylated the protein (Hoober et al., 1996) . Ero1p-c catalyzed reduction of bound FAD ( Figure 2B ). The time lag between addition with N-ethylmaleimide during purification to prevent covalent dimerization via any cysteines not participating of DTT and the resultant reduction of the FAD apparently reflects the time required for Ero1p-c to consume the in intramolecular disulfide bonds. Our first crystallization attempts yielded nondiffracting or nonreproducible crysoxygen in the cuvette. Once the enzyme bound FAD has been reduced, bubbling air into the cuvette will reoxidize tals. Data from the secondary structure prediction programs SSPNAC and NNSSP (Salamov and Solovyev, the cofactor (data not shown). Interestingly, Ero1p-c also catalyzed reduction of excess FAD added to the 1995) and limited proteolysis (our unpublished data) prompted us to shorten the construct at the N terminus solution at a higher concentration (12 M) than that of the FAD bound to the enzyme (5 M) ( Figure 2B ). The 2.8 Å and 2.2 Å , respectively (Table 1) . Crystallographic phases were obtained for the hexagonal form by multiple ability of the flavoenzyme to reduce an excess of free FAD indicates that either free FAD can readily exchange isomorphous replacement and improved with density modification. The orthorhombic crystal form was phased with enzyme bound FADH 2 or that electrons from FADH 2 bound to the enzyme can be transferred to FAD in soluby molecular replacement using an initial model from the hexagonal form. tion. We favor the latter possibility because (1) as discussed below, FAD appears to be buried deeply in the Ero1p-c structure; (2) equilibrium dialysis experiments
Structure of Ero1p
Ero1p-c is highly helical (Figures 1 and 3A) , and the entire (data not shown) reveal that flavin binds tenaciously to the enzyme in either the FAD or FADH 2 states; and (3) chain forms a single domain with the N-and C-terminal helices (␣1 and ␣10) packed against one another ( Figure  Ero1p -c can readily reduce a variety of flavins, including FMN and riboflavin, that are unlikely to be able to be 3B). The ‫001ف‬ residues after helix ␣1 form two extended loops that are poor in secondary structure and drape incorporated into the enzyme (data not shown). A precedent for this type of redox pathway is a bacterial NADH over the face of the domain distal from the chain termini. The loops meet in the middle to form a short threeoxidase that uses free FAD in preference to oxygen as an electron acceptor (Niimura et al., 2000) . Such a transstranded ␤ sheet. The inherent flexibility of the loop face of Ero1p-c is reflected by poor or absent electron density fer to free FAD could be the mechanism for Ero1p oxidation under anaerobic conditions. In the absence of free in some regions and by conformations that differ between the two crystal forms. Following the loops, the FAD, the flavin bound to the recombinant protein Ero1p-c is in the oxidized state as long as both substrates, region from K194 to the end of the chain forms the bulk of the helical bundle that constitutes the core structural thiol-reducing agent and oxygen, are present, implying that the rate-limiting step in the redox cycle for Ero1p-framework of the protein. The fold of Ero1p is unique to date. No structural neighbors were found using the c is the reduction of Ero1p-c by DTT and not the reoxidation of Ero1p-c. Together, these functional studies indi-VAST protein structure comparison search tool (Gibrat et al., 1996) . cate that the variant of Ero1p prepared for crystallization is competent to catalyze transfer of electrons from thiol In our crystal structures, the disulfide connectivity of Ero1p is as follows: C90 bonds with C349, C100 with substrates, through FAD, to molecular oxygen.
Ero1p-c readily crystallizes in two forms, primitive C105, C143 with C166, C150 with C295, and C352 with C355 ( Figure 3C ). C208 is unpaired and modified by hexagonal and centered orthorhombic, which diffract to N-ethylmaleimide. Three of the disulfide bonds ob-C100/C105 disulfide bond to the vicinity of the active site. served in the structure correspond to three pairs of conserved cysteine residues with distinct functions as deThe FAD cofactor is held between helices ␣2 and ␣3 in a bent conformation with the isoalloxazine and fined by mutational studies (Frand and Kaiser, 2000). Mutation of either C352 or C355 completely inactivated adenine rings buried in the protein. Through this packing, the isoalloxazine ring system is presented to the Ero1p and prevented oxidation of the Ero1p protein itself, implying that the C352/C355 pair is required for active-site cysteines ( Figure 3C ). The ribityl 5Ј phosphate (on the FMN portion of the FAD) contacts H231, Ero1p to generate disulfide bonds. Mutation of either C100 or C105 largely but not completely inactivated whereas the AMN ribose 5Ј phosphate may be associated with R260 but is largely solvent exposed. The ribose Ero1p and impaired the formation of Ero1p-PDI mixed disulfides, implying that the C100/C105 pair is involved ring is also largely solvent exposed, and the adenine ring is sandwiched between H231 and R267. Two muin disulfide transfer to PDI. Finally, mutation of C90 or C349 did not impair Ero1p activity but did increase, by tants that impair Ero1p function have changes at or near H231: in the temperature-sensitive mutation ero1-1, glyabout 2-fold, the amount of Ero1p found in a mixed disulfide with PDI and the PDI-related protein Mpd2p. cine 229 is mutated to serine, and in the DTT-hypersensitive mutant ero1-2, histidine 231 itself is mutated to Importantly, the agreement between the disulfide connectivity of the crystal structures and the disulfide pairtyrosine ( Figure 4 ). ing hypothesized on the basis of functional analysis indicates that the crystal structures exhibit the correct Structural and Chemical Similarity between Ero1p and Erv2p pairing.
The CXXCXXC sequence motif in other proteins can Ero1p and Erv2p both contain active-site cysteine pairs in a CXXC motif adjacent to the isoalloxazine ring of an bind metal clusters (e.g., Jung et al., 2000), and it was previously suggested that this motif in Ero1p might play FAD molecule. Superposition of the two enzymes, using their isoalloxazine rings as an anchor, revealed that four a similar role (Pollard et al., 1998). However, using optical emission spectrometry, we were unable to detect any helices in Ero1p align with the helical bundle that constitutes Erv2p ( Figure 5 ). Although the spatial orientation metal specifically associated with Ero1p (our unpublished data), and each of the cysteines in this motif of these four helices is similar in the two proteins, the order of the helices in the primary structures is different. participates in disulfide bonds in the crystal structures. The first CXXCXXC cysteine, C349, is almost 14 Å away Helices ␣1, ␣2, ␣3, and ␣4 in Erv2p correspond to helices ␣2, ␣7, ␣8, and ␣3 of Ero1p, respectively, with a root (sulfur-to-sulfur distance) from the C352/C355 cysteine pair, which forms a disulfide bond in the first turn of the mean square deviation for C␣ positions of 1.9 Å (see Experimental Procedures). The sequences of these four-␣8 helix, a local conformation that is shared by the active sites of thioredoxin-like proteins. The C90/C349 disulhelix bundles are highly conserved within each family, but no clear similarity at the primary sequence level fide bond tethers the flexible loop that contains the could be detected between Ero1p and Erv2p, even when (Dym and Eisenberg, 2001). The FAD in Ero1p is intermediate between these two extremes, with the isoalloxathe sequences of the four helical segments were arranged so that they are in the same order for both prozine and adenine rings separated by about 12 Å from one another. The rings of two amino acid side chains teins. Moreover, the structural similarity between the three helices that occur in the same order in Ero1p and (W200 and H231) stack between them. Remarkably, the FAD conformation found in Ero1p is almost identical to Erv2p was not sufficient to be selected by the Dali fold recognition server (Holm and Sander, 1998) .
that of the FAD in Erv2p (Figure 6 ). However, the helices that sandwich the FAD in Erv2p are the first and fourth Typical conformations of enzyme bound FAD molecules are "extended" (such that the isoalloxazine and adenine in the four-helix bundle, whereas, in Ero1p, they are the third and fourth. rings are separated by about 20 Å ) or "U-shaped" (such that the isoalloxazine and adenine rings are in contact)
We examined the Ero1p and Erv2p residues that con- to the flavin. Despite our observation that Ero1p-c condisplaced by 5.5 Å (Figure 7) . The solvent accessibility of the C100 sulfur atom differs significantly between sumes oxygen in the presence of reducing agents, the Ero1p-c crystal structures do not reveal a comparable these two conformations (22 Å 2 in the structure corresponding to the P6 2 crystal form and only 7 Å 2 in the channel or any other clear path for oxygen to gain access to the isoalloxazine ring of the FAD. The region of the structure from the C222 1 form) as calculated using the program Areaimol (Lee and Richards, 1971). In contrast, Ero1p polypeptide that covers the route to the N5 nitrogen comprises the invariant E186, which arises from the the C105 sulfur is almost entirely buried in both cases (2 vs. 0 Å 2 ). In the P6 2 crystal form (the "out" conformahighly conserved NPERFTGY sequence at the junction between the loop face and helix ␣2. The lack of a clear tion), the distance between the C␤ atoms of C105 and C352 is approximately 13 Å , whereas, in the C222 1 crysoxygen channel in the Ero1p-c crystal structures suggests that there may be a gating mechanism to allow tal form (the "in" conformation), these atoms are separated by about 7 Å . In the "in" conformation, changing access of molecular oxygen to the active site (e.g., Lario et al., 2003) . the cysteine rotamers allows the two sulfur atoms to approach within about 4 Å of one another, compared to The differences between Ero1p and Erv2p with respect to the structures that control the entrance of oxya sulfur-sulfur bond distance of about 2 Å for a disulfide bond. Interestingly, the C100/C105 pair was suggested gen to the active site are notable, since Erv2p is restricted to using oxygen as a substrate, whereas Ero1p to accept electrons from PDI and funnel them to the active-site disulfide C352/C355 ( 
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